Abstract: This research reconstructs a 2000-year vegetation history of the forest tension zone, an ecotone between the mixed coniferous-deciduous (Laurentian) forest and the eastern broadleaf forest, in the Lower Peninsula of Michigan, USA. Different forest communities relative to the ecotone are represented by pollen analysis of sediment cores from three lakes: Hicks Lake (75 km north of the ecotone), Cowden Lake (within), and Morrison Lake (55 km to the south). Pollen data delineate the presence of the ecotone during the past 2,000 years. North-south shifts in the location of the ecotone occurred along with changes in tree dominance in response to two climatic oscillations over the past two millennia: the Medieval Warm Period (MWP) from ~1000 to 700 cal yr BP and the Little Ice Age (LIA), ~500-150 cal yr BP. During the MWP, Thuja increased in the forest around the northern lake, Quercus replaced Fagus in the forest around the central lake, and Quercus forest succeeded a Fagus-Acer forest near the southern lake. Abrupt shifts in the abundance of several important taxa were associated with the LIA cooling, beginning at 500 cal yr BP. Thuja declined from 40% to just under 20% as Pinus and Tsuga increased around the northern lake; Quercus declined whereas Pinus, Tsuga, and Fagus expanded in the vicinity of the central lake; and Fagus and Acer became more prevalent near the southern lake. This research demonstrates the sensitivity of forest communities to late Holocene climate change as well as documents how species dominance changed in response to small variations in temperature (1-2° C) and precipitation over the last 2000 years. We can expect that this and similar systems will respond greatly to the temperature and precipitation fluctuations projected for the Great Lakes Region.
INTRODUCTION
Recent interest in predicting vegetation response to climatic change of the 21st century has focused on ecotones, where multiple species with different ecological relationships to climate intermix (Risser, 1995; Malanson et. al., 2007) . Research has shown that tree species near ecotonal boundaries may be responsive to shortterm variations in climate (e.g., Neilson, 1993; Risser, 1995; Kupfer and Cairns, 1996) and most climatic changes elicit a fairly immediate vegetation response (~50-80 year response time) by altering the competitive balance between the species MacDonald et al., 2008; St. Jacques et al., 2008) . Such 206 HUPY AND YANSA research can be used to inform predictions of the responses of ecotones to future warming. However, the inclusion of vegetative records from the historic and prehistoric time periods is important when examining ecotonal responses to climatic change, because future plant communities will respond to warming temperatures and precipitation shifts unlike those of historic times and more like those of the distant past (e.g., Overpeck and Webb, 2000; Williams et al., 2004; MacDonald et al., 2008) .
In order to better understand the reorganization of plant communities and changes in species abundances in response to 21st-century climate change, we must consider records of past vegetation-climate dynamics of comparable magnitudes. Such records are offered by high-resolution (decadal to centennial) analysis of fossil pollen from lake and bog sediments, which reconstruct ecotonal shifts and changes in species dominance within communities in response to climatic changes during the Holocene (Bartlein et al., 1984; Liu, 1990; Baker et al., 2002; Walker et al., 2002; MacDonald et al., 2008) . For example, shifts from deciduous forest to oak savanna or prairie in response to the warming and drying trend of the midHolocene "Hypsithermal" ~6000 to 4000 years ago (cal yr BP), are well documented in the pollen records of the Midwest, USA (Grimm, 1983; Baker et al., 2002; Webb et al., 2004; Williams et al., 2004) .
In contrast, much less is known about vegetation responses to climatic shifts of smaller magnitudes and over shorter durations, such as during the Medieval Warm Period (MWP, ~1000-700 cal yr BP) and the Little Ice Age (LIA, 600-100 cal yr BP) in this region. These climate events are best recorded in glacial records in the Alps and the Greenland ice core records (Crowley, 2000; Bradley et al., 2003; Soon and Baliunas, 2003; Willard et al., 2005) . According to these records, the difference between the peak warmth of the MWP and coldest time of the LIA was about 2°C (Crowley, 2000 : Broecker, 2001 ). These climate shifts are attributed to changes in the amount of solar radiation received (solar maximum during the MWP, solar minimum during the LIA), in conjunction with increased volcanic eruptions during the LIA, which contributed to atmospheric cooling by the release of sulfate aerosols and dust (Crowley, 2000; Hunt, 2006) . While the LIA was significantly colder than present, the magnitude of the MWP warming was comparable to that of the mid-20th century, the latter temperature increase resulting from historic increases in greenhouse gas concentrations (Crowley, 2000; Bradley et al., 2003; Hunt, 2006; Osborn and Briffa, 2006) . Thus, the subtle warming of the MWP is generally more difficult to detect in the pollen records of the mid-latitudes of North America, as suggested by the presence of a MWP signal in some pollen studies (Bernabo, 1981; Gajewski, 1987; Russell et al., 1993; Russell and Davis, 2001; Pederson et al., 2005) , and not in others. In contrast, the LIA is well represented in pollen records from many localities in eastern and north-central North America (e.g., Swain, 1978; Bernabo, 1981; Grimm, 1983; Davis and Botkin, 1985; Campbell and McAndrews, 1991; Russell and Davis, 2001; Flakne, 2003; Booth and Jackson, 2003; Finkelstein et al., 2005; Pederson et al., 2005; Lynch et al., 2006; Hotchkiss et al., 2007) and elsewhere.
Until our study, there had been no pollen research documenting changes in forest communities across a major ecotone in central Lower Michigan, USA during the MWP and LIA. This ecotone, commonly referred to as the "forest tension zone," is TENSION-ZONE POLLEN 207 the boundary between the mixed coniferous-deciduous (or Laurentian) forest and the eastern broadleaf forest, and extends from Ontario to Minnesota (Andersen, 2005) . It is the zone where the northern limits of the broadleaf deciduous tree species converge with the southern limits of northern species (conifers and cooltemperate deciduous taxa). In the Lower Peninsula of Michigan, the Laurentian forest, north of the tension zone, is composed primarily of mixed conifer-northern hardwood communities dominated by Tsuga canadensis (eastern hemlock), Pinus strobus (eastern white pine), Pinus resinosa (red pine), Acer saccharum (sugar maple), and Betula allegheniensis (yellow birch) (Barbour and Billings, 2000) . Within the ecotone, Pinus strobus is the most common tree species. Southward, the broadleaf deciduous forest of eastern North America, is dominated by two community types: Fagus grandifolia (American beech)-Acer saccharum forest and Quercus-Carya forest (several species of oak mixed with those of hickory) (Burns and Honkala, 1990; Barbour and Billings, 2000) .
Individual paleoecological studies have been conducted north of this ecotone in Wisconsin (e.g., Swain, 1978; Lynch et al., 2006; Hotchkiss et al., 2007) where the boundary is more diffuse. This ecotone is best developed (spanning the shortest distance) in Lower Michigan, compared to elsewhere in the region. We tested if this ecotone was responsive to the fine-scale temperature and precipitation shifts of the MWP and LIA. Pollen analysis of lake sediments provides the only available source of data of past responses of this forest tension zone to climate changes. As a result of the extensive deforestation in the 19th century, there is a paucity of dendrochronological data for this area and for much of the Great Lakes region except for a few small stands (Stahle et al., 2000) .
In this paper, we describe the results of fossil pollen analysis of sediment cores collected from three lakes along a transect across this ecotone, with each lake representing a different historic forest community relative to the ecotone. We address the following questions in this research: Has the vegetation at the three sites changed over the past 2000 years? If so, how have individual taxa changed in abundance across the ecotone during different time intervals? Are signals for either the LIA and/or MWP evident in the analysis of the fossil pollen record and vegetation reconstructions? Our results indicate that the abundances of important taxa did indeed change coincident with the timing of the MWP and LIA. Ordination analyses of these data reconstruct the oscillations of species assemblages over time and these results are interpreted in light of available paleoclimate information for the Great Lakes region.
STUDY AREA
The forest tension zone, the ecotone between the Laurentian mixed coniferousdeciduous forest and the eastern broadleaf forest, in the Great Lakes region (Andersen, 2005 ) is shown in Figure 1 . The exact location and explanation for the forest tension zone in the Lower Peninsula of Michigan have been debated in the literature (McCann, 1979; Medley and Harman, 1987; Dodge, 1995) . While the geographic delineation of the zone today varies somewhat (Schaetzl and Isard, 208 HUPY AND YANSA 1991), the tension zone is typically described as a 95-km wide vegetation belt (Potzger, 1948) whose center may be broadly approximated by the 8°C (47°F) isotherm of mean annual temperature (Barnes and Wagner, 2004) . Some authors refer to the tension zone as an abrupt ecotone (Medley and Harman, 1987) , whereas others refer to it as a diffuse vegetation boundary (Elliot, 1953; Brewer, 1982) . Climate is assumed to be the broad-scale influence on the location of the tension zone, while at finer spatial scales edaphic controls are more important (Medley and Harman, 1987; Dodge, 1995; Barnes and Wagner, 2004) . Coarsetextured (sandy) soils are more common in the northern part of the Lower Peninsula where coniferous species are more successful, while in the southern part deciduous trees out-compete coniferous trees on loamy soils. (A) Location of the three lake sites, Hicks Lake, Cowden Lake, Morrison Lake, chosen for pollen analysis with respect to the forest composition of Lower Michigan at circa 1800. The forest composition of Lower Michigan circa 1800 was utilized in the GIS analysis of site criteria (Comer et al., 1995b) . (B) Major vegetation region within the Great Lakes Region: D = deciduous forest (eastern broadleaf forest), M = mixed forest (mixed coniferous-deciduous (Laurentian) forest), and B = boreal forest (Bailey, 1976) . Lake sites in this study (▲): HIL = Hicks Lake; CL = Cowden Lake; ML = Morrison Lake. Lake sites referred to in this study (•): GL = Graham Lake (Fuller, 1997) ; CWL = Crawford Lake (Yu 2003) ; CP = Cootes Paradise (Finkelstein et al. 2005) ; MAL = Marion Lake; L27 = Lake Twenty Seven (Bernabo, 1981) ; CYL = Crystal Lake (Kapp et al., 1990) ; WL = Wintergreen Lake (Manny et al., 1978) ; SPR = South Rhody Peatland (Booth et al., 2004) .
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The climate of the Lower Peninsula of Michigan is classified as humid continental, although temperature and precipitation vary considerably from place to place. Within the study area, the average July temperature is 25.5° C and the mean January temperature is -11° C (data for Mount Pleasant, Michigan averaged for 1895-1996 from the Global Historical Climatology Network; Hoare, 2005) . The northern part of the Lower Peninsula experiences approximately 70 growing degree days, whereas the southern Lower Peninsula experiences 160 to 170 days (Eichenlaub et al., 1990; Schaetzl and Isard, 2002) . Mean annual precipitation ranges from 914 mm in the southwest to 685 mm in the northwest of the Lower Peninsula (Eichenlaub et al., 1990) . Downwind lake-effect precipitation is a major source of moisture, during winters especially, for areas closest to the Great Lakes (Scott and Huff, 1996) .
Pollen evidence indicates that the tension zone developed at approximately 10,000 cal yr BP (Webb et al., 1983) . Early in the Holocene, the species composition of these forests was driven by the varying rates of species migration after deglaciation, as taxa spread northward from refugia south of the ice sheet, and later by individualistic responses of species to climate changes (Manny et al., 1978; Webb et al,. 1983; Davis et al., 1986; Kapp, 1999) . By the onset of the warm/dry midHolocene interval or Hypsithermal (~6600-6000 cal yr BP), the forest tension zone had developed into an ecotone between the mixed coniferous-deciduous forests (dominated primarily by Pinus), to the north, and the mixed-Quercus and the FagusAcer forests of southern Lower Michigan (Webb et al., 1983; Kapp, 1999) . The tension zone reached its farthest northward extent between 6000 and 3200 cal yr BP, where a mosaic of mixed-Quercus forest and Fagus-Acer forest covered the southern two-thirds of Lower Michigan (Held and Kapp, 1969; Jones and Kapp, 1972; Ahearn, 1976; Kapp, 1978 Kapp, , 1999 Manny et al., 1978; McMurray et al., 1978; Lay, 1979; Webb et al., 1983; Kapp et al., 1990) .
Pollen and other paleoecological data from throughout the upper Midwest all report progressively greater moisture and cooler temperatures after 3200 cal yr BP. In the Upper Peninsula and northern Wisconsin, Tsuga canadensis (hemlock) arrived and expanded along with other mesic and cool-temperate taxa, such as Fagus grandifolia, Acer saccharum, and Betula allegheniensis (Brugam and Johnson, 1997; Davis et al., 1998 Davis et al., , 2000 Booth et al., 2002; Delcourt et al., 2002; Flakne, 2003) . Pollen data suggest that the climate became significantly wetter (15-20% increase in annual precipitation) and cooler (by 1-2° C), compared to the midHolocene (Davis et al., 2000; Booth et al., 2002; Delcourt et al., 2002) . This major climate change from the mid-to late Holocene is interpreted as a shift from a primarily zonal pattern of atmospheric circulation (dominated by the mild, dry Pacific air mass) to a more frequent meridional pattern of upper air flow that brought in warm, moist air from the Gulf of Mexico (Bartlein et al., 1984; Delcourt et al., 2002) .
The tension zone began to shift southward in the Lower Peninsula of Michigan in response to this climate shift that began at about 3200 cal yr BP (Webb et al., 1983; Booth and Jackson, 2003) . In much of the southern Lower Peninsula, the more xeric-adapted Quercus forests became less common, but remained a significant forest type in the mosaic dominated by Fagus-Acer forests and, to a lesser extent, swamp hardwood forests of Ulmus (elm) and Fraxinus (ash) (Kapp, 1999) . Little is known about the dynamics of the forest tension zone and adjacent areas after 3200 cal yr BP (Kapp, 1999; Hupy and Yansa, 2009 ).
MATERIALS AND METHODS
Site Selection
Site criteria for the selection of lakes included proximity to (and pollen source area relative to) the ecotone, lack of inlets or outlets, and minimal influence of physical geography (i.e., avoidance of wide variation in soils and strong lake effect snowfall). The lakes selected for this study each have a surface area between 50 and 150 hectares, which would have primarily captured the pollen rain from a 20-30 km 2 area (Jacobson and Bradshaw, 1981) , with about 30-45% of the pollen derived from plants that lived within 1 km of these basins, a local to extra-local signal (Sugita, 1994) . The pollen rain from each of these lakes represents different historic or presettlement forest communities relative to the ecotone, with no significant overlap in pollen rain area between the three lakes (Comer et al., 1995b) . The influence of soils on forest composition and dynamics was minimized by selecting lakes in areas with similar parent material ( Table 1 ). The lakes were selected so as to be well inland from the Great Lakes, so that the influence of lake-effect winter precipitation would be minimal ( Fig. 1 ; Scott and Huff, 1996) , and the lakes lack inlets that would bring in pollen by streams. A geographic information system (GIS) was used to evaluate the suite of spatial criteria (Hupy, 2006) .
The three lakes chosen are: (1) north of the tension zone: Hicks Lake in Osceola County (44°2'59.59''N, 85°17'53.51''W), 62.7 ha with a maximum depth of 10 m; (2) within the tension zone: Cowden Lake in Montcalm County (43°21'38.71''N, 85°22'28.88''W), 51.7 ha with a maximum depth of 15 m; and (3) south of the tension zone: Morrison Lake in Ionia County (42°51'35.11''N, 85°12'36.26''W), 131 ha with a maximum depth of 10 m. The three lakes form a north-to-south transect across the ecotone (Fig. 1) .
Lake-Sediment Coring and Pollen Sampling
Lake sediments were collected through the ice on frozen lakes in February 2004. The uppermost meter of sediment was collected with a freeze-wedge corer designed by C. Hupy and based on an earlier model (Huttunen and Merilainen, 1978) . The lower sediment (> 1 m) was retrieved using a Livingstone corer (Wright, 1967) . Pollen samples (0.5 cm 3 ) were collected at 2 cm intervals. Nine sediment samples (0.5 cm 3 , 3 for each lake) were submitted for radiocarbon ( 14 C) dating using the accelerator mass spectrometry (AMS) technique (Table 2 ) and were processed at Beta Analytic Inc., Miami, Florida, USA and CAMS Center for Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory, USA. Sediment samples were dated because no terrestrial macrofossils (seeds, wood, etc.) or charcoal were present, despite an exhaustive search. Gillispie (1984) , MacDonald et al. (1991) , and others report that the bulk dating of sediment is problematic because it provides spuriously older ages, due to the incorporation of ancient carbon (from tills and bedrock) in the lake sediments. Errors are significant when the sediments dated are rich in inorganic carbon, such as marl, but are comparatively minor when sediment samples with high organic content are dated (MacDonald et al., 1991) . The sediments of these lakes are highly organic, composed of massive black muck (sapric); therefore, errors in the 14 C ages should be relatively minor. The 14 C ages were calibrated using CALIB version 4.3 software (http:// calib.qub.ac.uk/calib/). To refine our chronology, we employed the Ambrosia (ragweed) correction method, as has been commonly been done in previous pollen studies (Manny et al., 1978; Bernabo, 1981; Grimm, 1983; Webb et al., 1983) . We adjusted all of the calibrated dates by the difference between the calibrated date for the Ambrosia pollen percentage spike, which signifies the onset of Euro-American logging and agriculture in the area, and the date of these events from historic Farrand and Bell (1982) and Comer et al. (1995a) .
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HUPY AND YANSA documents ( Table 2 ). The onset of these activities in the study area was around A.D. 1830 (Lewis, 2002) . The correction factor was 490 years for Morrison Lake and Hicks Lake, and 408 years for Cowden Lake. This approach assumes that the correction was constant with depth (uniform sedimentation rate) (Manny et al., 1978; Bernabo, 1981; Grimm, 1983; Webb et al., 1983 ; North American Pollen Database, http://www.ncdc.noaa.gov/paleo/data.html). Sedimentation rates were relatively stable compared to those from the early and mid Holocene (e.g., Grimm, 1983; Webb et al., 1983) . Using the adjusted chronologies, we estimated ages for individual pollen subsamples by linear interpolation between the mean calibrated Ambrosia-corrected dates, and the top of the core (Fig. 2) .
Pollen Analytical Method
We analyzed 93 pollen samples from the sediment cores of Hicks Lake (35), Cowden Lake (26), and Morrison Lake (32). Temporal resolution between samples is highest (10 years between samples) for samples closer to the top of the cores, because of higher sedimentation rates, than toward the bottom of the cores (50-300 (Stuiver and Reimer, 1993; Stuiver and Braziunas, 1998) , and are in years BP. Organic sediment was dated to obtain all of these ages, because of the absence of terrestrial plant macrofossils or charcoal. b Dates obtained from Beta Analytic Inc., Miami, Florida, USA. TENSION-ZONE POLLEN 213 years). Samples were analyzed to a depth dated to 2000 cal yr BP and older core segments were archived for a later study.
Pollen grains were concentrated using a series of standard chemical procedures (Faegri and Iverson, 1975; Bennett and Willis, 2001) , with additional steps involving sodium pyrophosphate rinses to remove much of the clay fraction (Bates et al., 1978) and sieving (through a 140 μm screen) to remove coarse sand prior to the hydrofluoric acid step (Shane, 1998) . We identified and counted 350 to 500 grains of upland plant taxa for each sample along with aquatic pollen and spores. Identification of pollen grains was based on taxonomic keys developed for the Great Lakes region (McAndrews et al., 1973; Kapp, 2000) and a modern reference collection in the Pollen Laboratory, Department of Geography, Michigan State University. Habitat and range information for the taxa identified from pollen are from Voss (1972) and Barnes and Wagner (2004) .
Data Analysis
Pollen sums were calculated for each of the three lakes using Tilia software (Grimm, 1993) . Sums included pollen types from all upland plant taxa and herbaceous taxa but did not include counts of spores and aquatics. Pollen diagrams were constructed using Tilia and Tilia Graph software (Grimm, 1993) . The pollen data sets were then analyzed with stratigraphically constrained cluster analysis using no transformations or thresholds and Euclidean distances with CONISS TM software (Grimm, 1987) .
Ordination analysis, with principal components analysis (PCA), an indirect ordination method, was run in PC-Ord TM software (McCune and Mefford, 1997) to further explore the data by reducing its dimensionality. The distortion that can be associated with PCA was not a severe problem (McCune and Grace, 2002) . After elimination of rare types, 22 pollen types were used for Hicks Lake and Cowden Lake, while 19 pollen types were used for Morrison Lake data. The proportion of variance represented by each axis was measured by the covariance between Euclidean distances among sample units in the ordination and the relative Euclidean distances in the original space (McCune and Grace, 2002) .
Most of the pollen grains are only identifiable to the genus level. Only a few are distinctive enough to permit resolution to species or subgenus (type), and a few others are more nondescript and hence only discerned to family (e.g., Poaceae, grass family). However, several taxa have only one species currently existing in eastern North America: Tsuga (hemlock; T. canadensis, eastern hemlock); Fagus (beech; Fagus grandifolia, American beech); and Abies (fir; Abies balsamea, balsam fir). Two types of Pinus (pine) pollen grains can be recognized in the region: Pinus strobus-type (Pinus Subgenus Strobus, eastern white pine), and Pinus resinosa/ Pinus banksiana-type (Pinus Subgenus Pinus, red pine/jack pine). Acer (maple) pollen grains identified are likely Acer saccharum (sugar maple), as this species, along with Fagus grandifolia, dominated the eastern broadleaf forest in historic times. Cupressaceae pollen is assumed to be that of Thuja occidentalis (northern white cedar), because the only other candidate in this family is Juniperus, and this taxon does not widely inhabit forested environments.
We attribute the vegetation change observed in our study primarily to nonanthropogenic sources, i.e., climatic variations and/or disturbance, given the absence of any evidence for prehistoric Native American land use near the three lake sites (Lovis, 2009) . Such land clearing has been detected in the pollen records of only two lakes in the Great Lakes region, in Ontario (Ekdahl et al., 2004) and Ohio (McLachlan, 2003) , which are adjacent to known archaeological sites.
RESULTS AND DISCUSSION
The pollen percentage data for each lake are presented in the figures for Hicks Lake (Fig. 3) , Cowden Lake (Fig. 4) , and Morrison Lake (Fig. 5) , and the interpretations of these data are summarized in Tables 3-5. For the ordination of all three sites together, axis one explained 77% of the variance while axis two explained 13% (Fig. 6) . Interpretations of the vegetation changes are described below.
Late Holocene Vegetation (2000-1200 cal yr BP)
From 2000 to 1600 cal yr BP, the vegetation around Hicks Lake (Table 3, Fig. 3 ) was probably a northern mesic forest dominated by Tsuga with Fagus and Acer spp. The pollen data suggest smaller pockets of northern dry-mesic forest, comprised primarily of species of Pinus with some Quercus on the uplands, while in the swampy lowlands, patches of Picea and Abies, both species more associated with a cool boreal-type mesic forest more common further north, were likely present. The pollen record, in terms of taxa present and associated percentages, from Hicks Lake generally agrees with the pollen records of Marion Lake and Lake 27 (Bernabo, 1981) , both of which are located approximately 100 km to the north, in the northernmost part of Lower Michigan (Fig. 1) , suggesting that similar forest assemblages were present north of the study area. The assemblage of taxa present at this time is consistent with cool and generally mesic conditions. Pinus banksiana/resinosatype and Betula pollen percentages increased between 1800 and 1600 cal yr BP. These increases are consistent with dry conditions that were documented by other proxies at this time. Booth and Jackson's (2003) high-resolution reconstruction of paleo water levels in a raised bog (Minden Bog) in the "thumb" area of Lower Michigan, based on testate amoebae, correlative pollen, and plant macrofossil analysis, indicates that the climate around 1900 was drier than before and after. A similar brief dry period was also interpreted from pollen data from Marion Lake and Lake 27 during this time (Bernabo, 1981) . Just after 1600 cal yr BP, xeric-adapted taxa in the vicinity of Hicks Lake such as Pinus banksiana/resinosa-type became slightly less common. Also, several mesic hardwoods (especially Fagus) became more prevalent in the mesic and dry-mesic northern forests in the Hicks Lake area. These changes were most likely in response to increased moisture in the region. Thuja pollen increased in abundance at this time, also most likely in response to increased moisture because this taxon thrives in flooded lowland basins in the northern half of the Lower Peninsula of Michigan today. Thuja is abundant on modern sites with calcareous soils and high water tables, such as inland from the shores of the Great Lakes, as well as on the margins of most streams and swamps (Voss, 1972; Barnes and Wagner, 2004) . Paleohydrologic research on the South Rhody peatland (Fig. 1) in the central Upper Peninsula of Michigan (Booth et al., 2004 ) detected a moist climate after 1600 cal yr BP. This period of increased moisture is also corroborated by a pollen record from Minden Bog in the Lower Peninsula, which offers a similar reconstruction of a prolonged wet interval from 1850 to 900 cal yr BP where Picea pollen decreased in Minden Bog (Booth and Jackson, 2003) .
Quercus dominated the forest in the vicinity of Cowden Lake from 2100 to 1600 cal yr BP (Table 4 , Fig. 4 ). Smaller pockets of mixed mesophytic forest were also present. The prevalence of Quercus-dominated xeric forest during this time period was also evident in the Crystal Lake pollen record (Fig. 1) , the closest lake for which a record is available, located approximately 33 km to the southeast (Kapp et al., 1990) . The greater dominance of Quercus (average pollen value of 40%) at Cowden Lake is probably in response to drier conditions as compared to the Crystal Lake area to the southeast.
A notable shift in forest composition toward mesic species in the Cowden Lake area occurred between 1700 and 1600 cal yr BP, earlier than in the vicinity of Hicks Lake, but consistent with the paleohydrologic data from two Michigan bogs (Booth and Jackson, 2003; Booth et al., 2004) . From 1700 to 1600 cal yr BP, the Quercusdominated forest declined in extent around Cowden Lake (Quercus pollen decreased to 20%), and the mixed mesophytic Fagus-Acer-dominated forest expanded along with slightly greater numbers of Pinus strobus-type. This shift, towards a mixed mesophytic forest was the most dramatic of all changes around Cowden Lake in the 2000-year record. The PCA placed the pollen assemblage from Cowden Lake for this time period, 1700-1250 cal yr BP (Zone C-II), apart from all assemblages in the record (Fig. 6) . The placement of these samples was strongly aligned with Fagus on the taxa plot. The pollen record of Crystal Lake similarly reports this shift to mesic vegetation, but the Fagus-Acer expansion was not as greatly pronounced in that record (Kapp et al., 1990) . At Minden Bog, at a latitude between Hicks and Cowden lakes, Fagus also became more abundant in the local flora after 1850 cal yr BP (Booth and Jackson, 2003) .
The forest immediately south of the tension zone was generally more stable over the past 2000 years than those around Hicks Lake and Cowden Lake. At Morrison Lake, the forest at 2100 cal yr BP was dominated by Quercus along with Carya, Ulmus, and Populus (Table 5 , Fig. 5) . A transition is notable after 2100; from 2000 until 1050 cal yr BP, a mixed mesophytic Fagus-Acer forest prevailed around Morrison Lake. A pollen record from Wintergreen Lake (Manny et al., 1978) , approximately 60 km southwest of Morrison Lake (Fig. 1) , reports the exact same shift from Quercus forest to Fagus-Acer mixed mesophytic forest at about 2000 cal yr BP.
There is a south-to-north lag in the response of vegetation to increased moisture; it occurred at 2000 yr BP at Morrison Lake, 1700-1600 cal yr BP at Cowden Lake, and at 1600 cal yr BP at Hicks Lake. This is expected, as a shift to greater moisture would be most expressed in areas that typically have drier soils due to greater evapotranspiration from increased warmth, as occurs in the south near Morrison Lake. These data are in agreement with those of Minden Bog, which, as mentioned above, dates the onset of this wet interval to 1850 cal yr BP (Booth and Jackson, 2003) . Also, the pollen record of Cootes Paradise, a coastal wetland in the western end of Lake Ontario at a latitude between Morrison Lake and Cowden Lake (Fig. 1) , indicates a relatively high abundance of Fagus, and hence mesic conditions, after 2000 cal yr BP (Finkelstein et al., 2005) .
Medieval Warm Period (1200-800 cal yr BP)
Signs of vegetation change appeared in the study area at 1200 cal yr BP, before the start of the MWP, at 1000 cal yr BP, and were most pronounced within the tension zone, as indicated by the Cowden Lake pollen record (Table 4 , Fig. 4) . The mixed mesophytic forest in the vicinity of Cowden Lake declined in extent starting at 1250 cal yr BP, as the Quercus-dominated forest became more prevalent during the MWP (1000-700 cal yr BP). Pinus also became more common in the Cowden Lake area. A shift to Quercus-dominated forest is also evident in the Crystal Lake pollen record, but the timing of this event is ambiguous due to a poor chronology (Kapp et al., 1990) . Multiple pollen sites in the Great Lakes region also report a decline of Fagus and greater abundance of Quercus and to a lesser extent Pinus at about 1000 cal yr BP (Davis et al., 2000; Booth and Jackson, 2003; Yu, 2003; Finkelstein et al. 2005) .
The expansion of the Quercus-dominated forest in the Cowden Lake area during the MWP is consistent with warmer temperatures. Fagus, Acer, and Ulmus decline initially at 1250. Fagus remained lower than the previous zone (C-II) but at slightly higher percentages than in the previous mild period (Zone C-I, 2100-1650 cal yr BP) (Figs. 4 and 6 ). Higher-resolution climatic data from testate amoebae (Booth and Jackson, 2003) suggest that while the MWP had long intervals when moisture levels were comparable to those of today (which we detected), there were three decadal droughts centered at 1000, 800, and 700 cal yr BP that are not represented in our pollen data. These droughts are attributed to a prevailing zonal circulation, which involved strong westerlies (transporting dry Pacific air) (Booth et al., 2004 (Booth et al., , 2006a (Booth et al., , 2006b .
Quercus forest became prevalent at both Morrison Lake and Wintergreen Lake (Manny et al., 1978) after 1200 cal yr BP, and remained dominant south of the ecotone for several centuries thereafter. In the southern portion of the study area, around Morrison Lake, Quercus increased around 900 cal yr BP, near the start of the MWP (Table 5 , Fig. 5 ). From 1200 to 900 cal yr BP, the Tsuga-dominant forest near Hicks Lake was relatively stable (Table 3, Fig. 3 ). Vegetation changes around Hicks Lakes occurred after 1000 cal yr BP, later than at the two sites to the south. These changes at Hicks Lake, interpreted as local responses to the MWP, include:
(1) an initial increase in the abundance of Quercus at 1000 cal yr BP and then gradual decline; (2) a dramatic increase in the abundance of Thuja just after 1000 cal yr BP; and (3) concurrent slight declines in the local abundances of Pinus, Picea, Tsuga, Fagus, and Betula. In the century or so preceding the end of the MWP, from ~900 to 800 cal yr BP, the pollen records from both south and north of the tension zone are consistent with a trend of significantly increased moisture. Similarly, a moist interval was reported for this time at Minden Bog, bracketed between two severe decadal-long droughts centered at 1000 cal yr BP and 800 cal yr BP (Booth and Jackson, 2003; Booth et al., 2006b) . Greater abundance of mesic species are also reported from 900 to 600 cal yr BP for pollen sites in the "Big Woods" of Minnesota (Grimm, 1983; Umbanhowar, 2004) , Wisconsin (Swain, 1978; Gajewski et al., 1985; Lynch et al., 2006; Hotchkiss et al., 2007) , and Ontario (Gajewski, 1988) .
In the forest near Morrison Lake (Table 5 , Fig. 5 ), Quercus began to decline in abundance, whereas Ulmus, a taxon that requires high soil moisture, became more common. This trend also appears in the pollen record for Wintergreen Lake (Manny et al., 1978) , but it is less pronounced than at Morrison Lake. Farther north, the expansion of Ulmus at 900 cal yr BP corresponded to the dramatic increase of Thuja around Hicks Lake during the latter part of the MWP and the transition to the LIA.
Little Ice Age (600-150 cal yr BP)
The pollen records of the three study sites clearly indicate that vegetation responded to the LIA. These shifts in the abundance of forest taxa are consistent with a cooling and drying trend, corroborated by the findings of other pollen records in the Great Lakes region. Multiple regression of pollen data in this region suggest that there was a summer temperature decline of 1.5°C during the LIA, relative to the peak warming of the MWP (Gajewski, 1988) . More recent high-resolution pollen analysis of a varved lake record (Lake Mina) in west-central Minnesota further suggests that the winters during LIA were significantly colder than during the MWP (St. Jacques et al., 2008) , which would have affected rates of tree mortality. The pollen data from Lake Mina identified three phases of the LIA: an initial cold phase from 445 to 375 cal yr BP, a relatively warmer phase, and then a very cold phase from 325 to 175 cal yr BP (St. Jacques et al., 2008) . Similarly, Willard et al. (2005) reported two intervals with severe winters during the LIA in the Chesapeake Bay area, based on pollen and isotopic data, from 650 to 550 cal yr BP and the second from 450 to 350 cal yr BP. Although the exact dates vary, a two-peaked cold interval is suggested by these reports.
A decrease in moisture during the LIA, or at least for portions of this interval, appears to have greatly impacted the vegetation of the Great Lakes region. Pollen data from several sites in the region (Booth et al., 2004 (Booth et al., , 2006b St. Jacques et al., 2008) support the earlier report of an "AD 1250-1700 mega-drought," (700-500 cal yr BP), which was first identified by Woodhouse and Overpeck (1998) . Mesic species such as Betula, Tsuga, and Fagus declined during the mega-drought while Pinus species increased (Booth et al., 2004) . Reconstructions of aridity from tree rings (Stahle et al., 2000) also bolsters the existence of this prolonged drought interval, and further indicates that it was the most severe drought in the last 500 years. The vegetation of the sand plain of northwestern Wisconsin seems to be out of phase with this drought, because several authors (Swain, 1978; Lynch et al., 2006; Hotchkiss et al., 2007) report an increase in moisture between 700 and 600 cal yr BP.
The pollen records of Hicks Lake as well as of Bernabo's (1981) Lake 27 and Marion Lake in the northern Lower Peninsula of Michigan indicate that Pinus expanded in a dry-mesic forest at the expense of Thuja and Fagus, beginning at 600-500 cal yr BP. The deciduous components of the northern mesic and dry-mesic forest communities declined during the onset of the LIA, from 600 cal yr BP until 150 cal yr BP, consistent with a cooler and drier climate during the MWP. Picea, which is often associated with cooler temperatures, increased in abundance, most likely in lowland patches. Increases in Picea are also associated with slightly drier conditions, since black spruce would invade wetlands with the lowering water tables due to drying (Booth and Jackson, 2003) .
Within the ecotone itself, the vegetation changes that began at 550 cal yr BP around Cowden Lake included increased abundances of Pinus and Fagus, concurrent with decreases in the abundances of Quercus, Acer, Ulmus, and Carya. While the Quercus-dominated forest around Cowden Lake declined significantly, it most likely continued to occur in smaller patches. This persistence may suggest that winters were not cold enough to cause the complete mortality of mature Quercus trees, but may have been enough to limit oak recruitment. The dominant forest type in the vicinity of Cowden Lake was most likely a dry-mesic northern hardwood forest dominated by Pinus strobus, Pinus resinosa and/or Pinus banksiana, and also contained Quercus with some Fagus. A moderate Tsuga expansion at Cowden Lake, corresponds to the Tsuga expansion at 300 cal yr BP farther north, around Hicks Lake, Marion Lake, and Lake 27 (Bernabo, 1981) . This trend continued north of the ecotone until Euro-American logging and settlement at 150 cal yr BP.
Changes in the forests south of the tension zone, such as around Morrison Lake, were not evident at the onset of the LIA. The clustering of most samples on the ordination plot (Fig. 6) illustrates the similarities of pollen assemblages before, during, and after the LIA. At Morrison Lake, the Fagus-Acer mesophytic forest expanded minimally during the LIA. The Fagus-Acer forest may have been limited by the relatively drier conditions during the LIA, as indicated around Hicks Lake and Cowden Lake by decreases in the abundance of Thuja while Tsuga and Pinus became more abundant. A decline in Quercus abundance was evident at Wintergreen Lake, although this decline was not accompanied by increased abundance of Fagus or Acer (Manny et al., 1978) .
Vegetation Changes and North-South Shifts of the Forest Tension Zone
Ordinations of Holocene pollen records commonly document progression of one vegetation assemblage to another, for example, spruce-fir forest to pine forest TENSION-ZONE POLLEN 225 (Yu, 2003) . Oscillations between vegetation assemblages, particularly shifts back to previous vegetation assemblages, are usually not evident in coarse-scale (millennial-resolution) vegetation reconstructions. In contrast, the ordination analysis from this study demonstrated short-term oscillations between assemblages of taxa at all three lakes (Fig 6) . The placement of the Hicks Lake samples (Fig. 6) illustrates oscillations in abundance between Thuja, Tsuga, and Picea. The placement of Thuja (Cupressaceae), Tsuga, and Picea on the species plot along with the placement of samples between these three key species on axis one illustrates this dynamic. For example, the samples from 1500-1300 cal yr BP are spread out towards Thuja on the species plot as are the samples from 800-900 cal yr BP when Thuja was increasing and Picea and Tsuga were decreasing in abundance. During wet periods Thuja dominated the wet-mesic coniferous forest and wet-lowland forest near Hicks Lake, at times when abundances for both Tsuga and Picea were low. This pattern correlated with climatic reconstructions nearby (Bernabo, 1981) , which suggested that Thuja displaced both Tsuga and Picea on slightly wetter sites, whereas Tsuga and Picea displaced Thuja in mesic or slightly drier locales.
The placement of the Cowden Lake samples (Fig. 6) illustrates the oscillations between the Fagus-Acer-dominated forest and the Quercus-dominated forest over time, in response to climate changes. For example, the samples from 2000 to 1700 cal yr BP when Quercus forests were dominant are aligned to the bottom of axis one and the top of axis two near Quercus on the species plot. The samples from 1200 to 1500 cal yr BP, when Fagus-Acer forests were dominant, are plotted lower on axis two near Fagus on the species plot. The samples for the following period when Quercus forests became more prevalent from 1200 to 600 cal yr BP are placed high on axis two. A similar pattern was also reported for the Crystal Lake pollen record (Kapp et al., 1990) . Both the Cowden Lake and Crystal Lake datasets document the dominance of Quercus during the MWP, followed by an increase of Pinus at 600 cal yr BP that continued into the LIA. This evidence suggests that the rise in the importance of Pinus in the Pinus-Quercus forest was a relatively new phenomenon, and most likely a result of the cooling and drying associated with the onset of the LIA. This change is clearly shown on the ordination plot (Fig. 6) , in the placement of the Cowden lake samples from 600 to 0 cal yrs BP closer to the Hicks lake samples and Pinus on the species plot. Pinus reached its highest abundance in the 2000 year record during the LIA. Thus, in the 1300 years before the LIA, Quercus dominated the Pinus-Quercus xeric forest in the transition zone, and the increased presence of Pinus in the central Lower Peninsula of Michigan afterward was relatively new and a vegetative response to the LIA. Figure 6 is also strong evidence of a northerly shift of the forest tension zone during the LIA, which will be explored in additional research.
Overall, less change to the forest composition occurred over the past 2000 yrs in the vicinity of Morrison Lake, compared to the pollen reconstructions for the areas within and north of the ecotone (Fig. 6) . The Morrison Lake pollen record did document fluctuations between the Quercus-dominated xeric forest and the mesic Fagus-Acer forest; however, these changes were more gradual than at the other two lakes studied. These more subtle changes south of the tension zone (Morrison Lake) suggest that the forests to the north are more sensitive to climatic variations, most likely warming, than was the deciduous broadleaf forest in this area around Morrison Lake where climatic drying would be more important.
The fossil pollen records from all three sites (Hicks, Cowden and Morrison Lakes) generally indicate that the forest communities of the central Lower Peninsula of Michigan responded to climatic variations within a relatively short time period and had similar response times to those identified in other studies (e.g., Davis et al., 2000; Booth et al., 2002; Booth and Jackson, 2003; Yu, 2003; Finkelstein et al., 2005) . For example at Cowden Lake, Quercus forest replaced Fagus-Acer forest as the dominant community within a century, from 1350 tõ 1250 cal yr BP. The Fagus-Acer forest persisted and remained relatively abundant on the landscape for several centuries after the onset of the MWP near Cowden Lake. The nearly synchronous timing of changes in fossil pollen assemblages at all three lakes, even though the exact species substituted varied with latitude, indicates that the changes evident in the record are vegetation responses to climatic oscillations rather than to localized disturbance events. Recent analysis of the original Public Land Survey data immediately north of our study area by Henne et al. (2007) indicates that lake-effect snowfall is probably the primary physical factor affecting the abundance and distribution of mesic species in the lake-effect zone closest to the Great Lakes. We suspect the snowfall moisture affected the abundance of certain tree species in our study area as well. Other types of disturbance, such as fire, disease, herbivory, insects, and wind storms, as well as the legacies of past disturbances, play an important role in vegetation change, further complicating the responses of forests to climatic change and identification of time lags (Sprugel, 1991; Perry 2002) . Pollen data can only be used to indirectly infer some of these disturbances if they are severe enough. For example, Davis et al. (1986) postulated that an insect/pathogen outbreak decimated Tsuga populations in the Upper Peninsula between 5500 and 4000 cal yr BP, based on pollen analysis, but smallerscale disturbances are undetectable in pollen records. For example, the influence of prehistoric Native American land use has been found at Crawford Lake, Ontario (Ekdahl et. al., 2004 ) but it has not been detected in our pollen study or in others in Michigan, despite archaeological evidence to the contrary (Lovis, 2009) .
The pollen data presented here provide evidence that the forest tension zone was present during the past two millennia (Fig. 6) . The pollen data also suggest several latitudinal shifts in the location of the forest tension zone during the last two millennia (Fig. 6 ). These shifts are demonstrated by the widespread placement of the Cowden Lake samples on the ordination plot of the pollen data from all three lakes (Fig. 6) , including the overlap of Cowden Lake samples with those from Morrison Lake. More specifically, the prevalence of the Quercus-dominated xeric forest from 2000 to 1650 cal yr BP at Cowden Lake, suggests that the tension zone was north of Cowden Lake. The pollen data from this zone are placed far to the left corner near the Morrison Lake samples on the ordination (Fig. 6) , whereas the placement of the pollen assemblages at Cowden Lake and Morrison Lake during the LIA, 600 to 150 cal yr BP, suggests that the ecotone was positioned south of Cowden Lake but north of Morrison Lake. These pollen data for Cowden Lake are placed closer than previous samples to Hicks Lake on the ordination of all pollen data (Fig. 6) . We have conducted additional research further exploring the ecotone shifts using modern pollen data (analog method), dissimilarity analysis, and discriminant analysis; these results will be presented in additional publications.
CONCLUSIONS
Pollen records from three lakes-Hicks Lake, Cowden Lake, and Morrison Lake-were used to reconstruct a 2000-year vegetation history of the forest tension zone, an ecotone in the Lower Peninsula of Michigan. The pollen records showed that vegetation changed at all three sites, and that the "tension zone" existed during the past two millennia and shifted both north and south in response to climate changes. Ordination analysis demonstrated that the species dominance of forests changed at all three lakes during this time as well.
The pollen records from all three lakes documented notable changes in the species composition and geographic distribution of different forest communities in response to several medium-scale (i.e., centennial) climatic oscillations over the past 2000 years, including the Medieval Warm Period from 1000 to 700 cal yr BP and the Little Ice Age from 600 to 150 cal yr BP. Of the three lakes, the forest around Morrison Lake, south of the tension zone in the eastern broadleaf forest biome, was less responsive, but nonetheless shifts in species abundances were still detected. These changes included:
1. A vegetative response to a shift from relatively dry conditions to relatively moist conditions between 2000 and 1600 cal yr BP. These changes include: greater abundance of the wet-mesic conifer, Thuja, and decline of Pinus and Picea around Hicks Lake, as compared to the previous time period; a dramatic expansion of the mesic hardwoods, Fagus, Acer, and Ulmus, concurrent with a decline in Quercus abundance near Cowden Lake; and the only time in the record of Morrison Lake when a mesic Fagus-Acer forest was dominant.
2. A response in vegetation to warmer, moister conditions interpreted as the MWP from 1000 to 700 cal yr BP was characterized by: (a) a further expansion of Thuja at 900 cal yr BP around Hicks Lake; (b) a decline of Fagus and an expansion of Quercus around Cowden Lake beginning at 1250 cal yr BP; and (c) a shift from Fagus-Acer forest to Quercus-dominated forest in the vicinity of Morrison Lake at 1200 cal yr BP. These changes suggest that the forest tension zone shifted slightly north of its present-day limit during this time.
3. Vegetation responded to cooling temperatures and decreased moisture during the LIA from 600 to 150 cal yr BP, suggesting a southerly shift in the tension zone. At about 550-500 cal yr BP, the following shifts occurred: (a) a dramatic decline in Thuja abundance and an expansion of Pinus and Tsuga around Hicks Lake; (b) a decline in the Quercus population and increased abundance of Pinus, Tsuga, and Fagus around Cowden Lake; and (c) increased abundance of Fagus and Acer accompanied by a decline in Quercus in the vicinity of Morrison Lake.
4. The nature and timing of our vegetation reconstruction across the tension zone agrees with the overall patterns reconstructed from other pollen studies in the Great Lakes region.
In conclusion, our study is the first to track vegetation shifts for a portion of the forest tension zone that spans the center of the Lower Peninsula of Michigan and did so at the centennial scale. The implications of this research are that the species composition of plant communities through time and geographic range of tree species through space changed in response to small variations in temperature (1-2° C) and precipitation over the last 2000 years. We can then predict that the current vegetation of what now comprises the forest tension zone (altered by Euro-American land use) will change significantly this century given the predictions for a temperature increase of 2-4° C and 15-20% greater precipitation expected for the Great Lakes region (Kutzbach et al., 2005 Figure Captions 
